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This document was developed in support of the 2023 Coastal Master Plan being prepared by the

Coastal Protection and Restoration Authority (CPRA). CPRA was established by the Louisiana

Legislature in response to Hurricanes Katrina and Rita through Act 8tloé First Extraordinary Session

of 2005. Act 8 of the First Extraordinary Session of 2005 expanded the membership, duties, and

responsibilities of CPRA and charged the new authority to develop and implement a comprehensive

coastal protection plan, consistig of a master plan (revised every sixX
mandate is to develop, implement, and enforce a comprehensive coastal protection and restoration

master plan.
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EXECUTIVE SUMMARY

To develop the 2023 Coastal Master Plan, the Louisiana Coastal Protection and Restoration Authority
(CPRA) and partners are implementing updates to several predictive models developed through
previous master plan efforts. The Integrated Compartment ModéCM), Storm Surge and Waves
models (ADCIRC and SWAN), and Coastal Louisiana Risk Assessment model (CLARA) are used to
understand future landscape change and changing vulnerability under varidusure environmental
scenarios In the master plan process, we goal of modeling landscape change and storm surfgpased
flood risk is to explore the effects of different possible future conditions on the performance of
restoration and protection projectsand inform decisionmaking processes A second goal is to allw

for communication with coastal residents about possible future coastal conditions. Model inputs, such
as the current landscape and existing hydrologic connections, provide a starting point for these
predictive models. One model inputiat is of particula importance (due to the sensitivty of the ICM to
its influence)is the rate of subsidence across coastal LouisianahelCM uses subsidencéo lower the
land surface, whileadditional components of the modeseparately account for surface sediment
depostion and wetland soil development, both af/hich can offset the effects of subsidnce on

surface elevation. Subsidence is also applied in risk modeling using CLARA.

Refining subsidence rates for usesamodel inputs for the ICM is an importarpart of updating

predictive models for the 2023 Coastal Master Plan. Recently published studies provide new

information on subsidence rates in coastal Louisiana. These include small and lasgale

observational studies, as well as data ranalyses and data synthesesThis report provides

background information related to considerations of subsidence in predictive modeling, including

introducing the factors that influence subsidence rates across coastal Louisiana, describing how

subsidence rates were considered in th2012 and 2017 Coastal Master Plans, and briefly

summarizing recent literature available to support determination apdated subsidence rates. The

report then details the approach to determine subsid
use in predctive modeling for the 2023 Coastal Master Plan.

The 2023 subsidence approach relies on the development séveralsubsidence maps for coastal
Louisiana.The first is adeep subsidence (DS) map derived from data from geodetic survey
benchmarks, both prinary (Continuously Operating Reference Stations or CORS) and secondary
(CPRA/Mtional Geodetic Survey (NGShenchmarks). The resultingnap shows variation in DS rates
across the coast, with broad spatial patterns related to underlying geology and past deposal
processes. The Chenier Plain in western Louisiana largely shows low DS rates that range from 0 to 1.5
mm/yr. Rates less than 2.5 mm/yr are also found on the North Shore of Lake Pontchartrain and areas
east of New Orleans. Along thgulf coast, rates of 56 mm/yr are shown in the Teché&/ermilion basin.
For much of theMississippi River @lta plain, DS rates range from ~4 mm/yr to ~12 mm/yr. Higher DS
rates occur in the lower basins that are underlain by some of the thickest Holocene sediment
packages with rates up to 14.8 mm/yr throughout lower Terrebonne Basin, and up tam/yr in
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lower Barataria Basin and parts of outer Pontchartrain and Breton Sound Basin. The highest DS rates
of up to 16.8 mm/yr occur in the Birddés Foot Delta.

In addition, twoshallow subsidence (SS) maps were createdging data derived from the mostip-to-

date rod surface elevation tablenarker horizon (RSEMH) measurements taken at Coastwide

Reference Monitoring System (CRMS) sites. CRMSived SS rates were aggregateuoly |QM

ecoregions (i.e., at a sudpegional scale). For each ICM ecoregiotirst quartile and medianSSvalues

were calculated. Two maps were created due to variability in the SS data and these wiliyyalied

separately fortwo environmental scenarios in the mster plan analysis. EcoregionSvalues using first

guartile valuesrange from negative values-0.6 mm/yr) in Sabine to 5.8 mm/yr in southeast

Barataria. When median values are use@Srates range from 1.0 mm/yr in the Calcasieu ecoregion

to7.3mm/yrin t he Birddés Foot De bved BomCRMS datameSSEatksareaps ar e de|
calculated for the Atchafalaya Basin and the Verret Basin.

Total subsidence(TS)rates (i.e, the sum of SS and DS) ardetermined by creating composite maps.
As there aretwo SS maps, two maps foFSresult d one representinga lower total subsidence rate
scenario and the other a higher subsidence rate scenario. These maps can be combined with other
information (.g., sealevel rise rateg, in environmental scenarios used to drivRiture conditions for
model simulatons | n general, the highest rates of total subs
mm/yr in both lower and higher scenarios) with slightly lower rates in central Terreherand near the
Atchafalaya and Wax Lake Deltas {B6 mm/yr). Lowest rates are in the western Chenier Plain and the
North Shore of Lake Pontchartrain, <thm/yr and <6 mm/yr for the lower and hgher scenarios
respectively). Thiseport discussesthe expertpanekbased approach used in the 2012 and 2017
Coastal Master Plansind the details of the approach used for the 2023 Coastal Master Plan,
includingthe assumptions and limitaions ofthe 2023 approach and the consistency adierived rates
with recentstudies.
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1.0 INTRODUCTION

1.1 PURPOSE OF DEFINING SUBSIDENCE RATES FOR USE IN THE
2023 COASTAL MASTER PLAN

Subsidence is the gradual or sudden lowering of the land surface over time. It has long been
recognized as a key driver of coastal change in Louisiana (e.g., Gagliahal., 2003; Roberts et al.,
1994) due to the direct impact of subsidence on landscape change and its contribution to relative sea
level rise rates. Predictive modeling of future coastal conditions has been undertaken by the state of
Louisiana to selectcoastal protection and restoration projects that address changing conditions and
anticipated environmental challenges. The analytical approach used in master plan development and
project selection (CPRA, 2017; Peyronnin et al., 2013) allows for landscap@ege and storm surge
based flood risk to be responsive to changing land elevations based on predicted future
environmental conditions. Landscape change predictions are developed using the ICM (White et al.,
2019; White et al., 2017), which simulats longterm hydrologywetland morphology, and/egeation

and barrier shorelines and dynamics for the Louisiana coast across a variety of environmental
conditions. Landscape conditiongrom the ICMare passed to storm surge and waves models (Cobell
et al., 2013), which are used to assess the effects of coastal storms @torm surgebasedflood risk

and damages (Fischbach et al., 2017). The storm surge (ADCIRC), wave (SVdA8ifamage (CLARA)
models also consider the effectiveness of structural protection projecasid risk reduction projects

(i.e., elevations, floodproofing, and voluntary acquisition of structures) on expected annual damages.

Assumed rates of future subsidence are required to drive these analydsescausesubsidence results

in an annual lowering othe modelled landscape a well asany restoration/risk reduction features

(e.0. levees) superimposed on that landscape. ICM landscape change projections have been shown to
be particularly sensitive to this model input (Meselhe et al., 2017b). Given thmeportance of

subsidence to the changing landscape and future risk, the question of what rates to use to
characterize subsidence across coastal Louisiana is a consequential consatén. Previous master

plan efforts have considered the effects of subsidemcon future environmental conditions and project
outcomes, though subsidence rates used as model inputs for the ICM were based on expert
judgement rather than being explicitly datdriven, whichpotentially contributed additional uncertainty

to future outoomes.

This report describes the approach used to determine subsidence rates across coastal Louisitmna
support predictivemodeling for tre 2023 Coastal Master Plan. Theeport introduces the factors (i.e.,
geologic and geomorphic processes) that influeacsubsidence rates across the coast, describes how
subsidence rates were determined for the 2012 and 2017 Coastal Master Plans, and briefly
summarizes recent literature on subsidence rates in coastal Louisiana. It then details the approach
used to determire subsidence rates for use in predictive modeling for the 2023 Coastal Master Plan.

2023 COASTAL MASTER PLAN. Determining Subsidence Rates for Use in
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1.2 SUBSIDENCE IN COASTA L LOUISIANA: CONTRIB UTING
PROCESSES AND MEASUREMENT APPROACHES

There is broad scientific agreement that an array of factors contribute to subsidencecoastal
Louisiana. Yuill et al. (2009) provide an overview of the contributing processes and their relevance to
coastal Louisiana, and these factors are also noted by more recent reviews (e.g., Frederick et al.,
2019; Higgins, 2016). Table 1 provides an @rview of contributing processes.

Table 1. General description of processes contributing to subsidence in coastal
Louisiana (after Yuill et al., 2009).

PROCESS

GENERAL DESCRIPTION

Tectonic
Subsidence

TECTONIC PROCESSEE.(PROCESSERELATING TO THE SJ®RITURE WD
EVOLUTION OF THEHOSPHERHBENCLUDING NATURAAWLT PROCESSES SURSH
GULF OF MEXICO BASINVELOPMENT, SHEEBGE GROWTH FAULTIMGD SALT
MOVEMENT (I.E., HAKINESIS).

Holocene
Sediment
Compaction

LARGE QUANTHES OF RIVERINE SBMHENT, AS WELL AS DETAL AND
ALLOCHTHONOUS ORGAMATTER, HAVE BEEEPOSITED WITHIN THE
MISSISSIPPI RIVER DEA WHERE IT NATURXLCOMPRESSES ANDNEBDLIDATES
OVER TIME. THE PHEZSL COMPACTION OFAOESITED SEDIMENTINFLUENCED
BYTHE PROPERTIES OFETSEDIMENT GRAINS{H VOLUME OF WATERTWIN
THE SEDIMENT, AND EOVERBURDEN PRES&JBIOLOGICAL (E.®MICROBIAL
DECAY OF ORGANIC ERTAL) AND CHEMICHEG., OXIDATION @RGANIC
CARBON) PROCESSESNO®IBUTE TO THE NERFECT OFHYSICAL SEDIMENT
COMPACTION THAT PRMIES SUBSIDENCE, ESRALLY IN SOIL CONNING
SIGNIFICANT AMOUNDS PEAT AND OTHERGMNIC MATTER.

Sediment
Loading

ACCUMULATION OF RRVEE SEDIMENT IN THHSSISSIPPI RIVEREDTA REGION
DURING THE HOLOCEMB®UCED SUBSIDENCEB TO FLEXURE WITHINE
UNDERLYING LITHOSHRHE(I.E., THE CRUSND UPPER MANTLEHISREFERS TO
SUBSIDENCE IN THE WERIAL UNDERLYINGEDIMENT LOAD RATHER THAN
WITHIN THE VERTIC3TACK OF MATERIALNESTITUTING THE SEENTARY LOAL

Glacial
Isostatic
Adjustment
(GIA)

THE LAURENTIDE ICHEET THAT EXISTEDRING THE LAST ICERGAUSED
CRUSTAL FLEXURE ASIDBSIDENCE. OUTSIDHE MARGINS OF EHCE SHEET
(E.G., COASTAL LOWABRA), ISOSTATIC CRENSATION CAUSED IXQQPLIFT AND
THE CREATION OF AREBULGE. ICE SHEEETREAT DURING THEIKIXZENE HAS
LED TO GRADUAL SUBENCE ALONG THE FBREGE. FOREBULGE CBPSE
OCCURS AT A GEOLOGI@.LENNIALTIMESCALE. WHILE THE TNNG OF THE
COLLAPSE IS DEPENDEGN THE RATE OF ISHEET UNLOADING,HNATURE OF
THE UNDERLYING MANET(L.E., THE MANTMESCOSITY AND THIGEKDE)
PRODUCES A SUBSTANTLAG BETWEEN TH®Q.

2023 COASTAL MASTER PLAN. Determining Subsidence Rates for Use in
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PROCESS

Fluid
Withdrawal

Surface Water
Drainage and
Manag ement

GENERAL DESCRIPTION

AREAS EXPERIENCINGMZR AND HYDROCARBWN HDRAWAL FROM
SUBSURFACE RESERV®HRAVE BEEN SPATIXLCORRELATED TO GRAD'S OF
SUBSIDENCE IN SOUTRNELOUISIANA. FLUMITHDRAWAL INDUCE&®@SS OF
SUBSURFACE PORE PRB&E WITHIN THE REBEDIR RESULTING INCAL
SEDIMENT COMPAI®N, USUALLY IN A BGHLY CIRCULAR AREROUND THE
WITHDRAWAL POINT.ARETIVATION OF FALRITP WITHIN THE NEBR FAULT
ZONES THAT ARE OFTAEBSOCIATED WITH URRGROUND FLUID RESERRS
COULD ALSO BE A CBRIBUTING FACTOR.

CHANGES IN SURFACBTVER STORAGE AND DNMXGE PATTERNS INHNCE
SUBSIDENCE RATES BIYTERING GRADIENTE 80IL MOISTURE. ANROPOGENIC
MANIPULATION OF TREGIONAL HYDROLOGASHDRASTICALLY ALHERTHE
MAGNITUDE AND PATH BOTH SURFACE ANDESURFBE RUNOFF. DEWATERII
OF FORMALLY INUNDATEOIL INITIATES SBMENT CONSOLIDATI@GND THE
OXIDATION OF SOIL@WNICS, WHICH REDWCEOIL VOLUME.

The spatial and temporal scales at which each process influences subsidence can veiyufe 1). The
time scale for analysis in thenmaster plan is50 years into the future and the spatial scale is coastwide,
demonstrating the challenge of considering individual subsidence proses in the analysis. Further,
as described by Yuikt al., (2009), subsidence will affect each restoration and risk project differently

dependent

o nlife expectaney aod faotprintd lese temporal and spatial scales and their

location within he coastal landscape determine how susceptible different projects, and thus the
combination of projects included in the master plan, are to the effects of subsidence.

2023 COASTAL MASTER PLAN. Determining Subsidence Rates for Use in
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Figure 1. Temporal and spatial scales of the different processes contributing to
subsidence. T ime scales: instantaneous = 0 -1 year, management = 1 -20 years,

Anthropocene = 20 -400 years (for Louisiana), and geologic = >400 years
(modified from  Yuill et al., 2009).

Contemporary subsidence research employs a widenge of measurement and analytical methods
which measure subsidence at different spatial and temporal scaleSommonly used measurement
techniques are summarized in Appendix Ajable A1.Each methodhas its own set of assumptions,
levels of precision, ad uncertainty. In addition, understanding the range of spial and temporal
scales of variousmeasurement approacles helps identify which subsidence processes are being
included within the measurementsTablel; Fgure1).

Many of the techniques described in Appendix Aable Alproduce point measurements of
subsidence which can limithe utility of the data for purposes such as the development ofiaps to
support master plananalyses The tse of point measurements to infer subsidence ratescross
broader areas depends on the availability of integrated, complementary data networks (esgdiment
cores, instruments, or survey benchmarksas well as confidence in the spatial interpolation of the

2023 COASTAL MASTER PLAN. Determ ining Subsidence Rates for Use in
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point values (Harris et al., 2020). Further, the time scales over which subsidence measurements are
made can varygreatly Figure2). Some techniques are only applicable for the measurement of
specific subsidence processes, whees others capture several processes.
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Figure 2. Temporal and spatial scales of various subsidence measurement
techniques (modified Yuill, et al., 2009). Additional information about these

techniques can be found in Table Al.

2023 COASTAL MASTER PLAN. Determining Subsidence Rates for Use in

Predictive Modeling

14



2.0 PREVIOUS MASTER PLAN S

2.1 SUBSIDENCE IN THE 20 12 COASTAL MASTER PL AN

There are many ways toonsider unknown future conditions in the context of predictive modeling, and
selecting a particular strategy depends on the types of information available and how the results will
be used.In the master plan process,he goal of modeling landscape changand storm surgebased
flood risk into the future is to provide a way for decision makers to explore the effects of different
possible future conditions on the performance of restoration and protection projects. A second goal is
to allow for communication \ith coastal residents about possible future coastal conditions. A scenario
approach was used in the 2012 Coastal Master Plan Bncompassuncertain future environmental
conditions (e.g., future rates of sea level rise Where there is no known likelihoodssociated with
environmental conditions but rather a range of plausible future conditions, scenario analysis (e.g.,
Groves & Lempert, 2007; Mahmoud et al., 2009) is useful.

Data limitations prevented the creation of a single coastwide map of subsidenceea to support
predictive modeling for the 2012 Coastal Master Plan. Consequently, rates of subsidence wexged
across environmental scenariosind ICM outcomes have been impacteat different degrees
depending on theparticular scenario beingused in the model prediction

For the2012 Coastal Master Plana panel of technical expertsvas convenedto consider available

data and determine plausible subsidence ranges for coastal Louisiana (CPRA, 2012). The expert panel
convened in 2010was asked to conside potential driving mechanisms and future rates fadifferent

parts of the coast. The process considered information available from previous studies and ongoing
work, but was essentially driven by best professional judgement rathiéian by a comprehensivalata
analysis The subsidence rates usefbr predictivemodeling had to be indicative of conditions

expected over the next 50 years, which meant assessments of subsidence rates over very short time
scales (e.g., sukannual to annual) could only be used wit substantial assumptions.

Through this process,he expert paneldecided todevelopa map of 17 subsidence subregions across
coastal Louisiana, each with distinct plausible rangefigure3). For each sukregion, a brief

description of its delineation was provided in the 2012 Coastal Master Plan, along with a maximum
and minimum rate for future subsidence. These rates vary significantly within and among-sedions,
but in general the lowest rates (as low as 0 mmgf) are found in areas north of Lake Pontchartrain and
in western Louisiana, and the higbst rates (up to 35 mm/yr) arefound in some impounded areas and
the Birdds Foot Delta.

2023 COASTAL MASTER PLAN. Determining Subsidence Rates for Use in
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Subsidence Ranges
(2012 Master Plan)

o 4 D mmiyr 9, 6-35 mmiyr

2 2-5mmiyr ¢ 10, 5-25 mmiyr

93 29mmlyr & 11, 3-10 mmlyr

® 4, 210 mmiyr & 12, 15-35 mm/yr

5, 2-35 mmiyr # 13, 5-20 mmiyr

@ 6, 3-35 mmiyr ¢ 14, 3-10 mmiyr Lauisiong
©7,2-35 mmiyr ® 15, 1-15 mmiyr L LT lkiometers

© 8, 2-35 mmiyr & 2 A L }‘\;l
@ 16, -3 - -2 mm/yr (Salt Domes) 1 1uies "R”"Tw {_‘
* 17, 1-6 mmiyr (S.W. Polders) 0 20 40 80

Figure 3. Previously used plausible subsidence rate ranges for coastal Louisiana.
These ranges were developed for the 2012 Coastal Master Plan and used in the
2017 Coastal Master Plan.

CPRA selected rates for each suiegion from the ranges determined by the expert panel, with
different rates used in diffeent environmentalscenarios to represent a variety of possible future
outcomes.In the ICM,TS rdes applied toeach subregionwere calculatedusing a percentile valuefor
each environmental scenario Those percentile valuesvere selected by CPRBased an multiple
factors:

9 For the Moderate Scenario, the 20th percentile value of the range was selected. The
rationale for this was that studies published after the 2010 expert panel
deliberations suggested subsidence rates could be slowing from higher rategidg
the mid-20th century, which would make historical rates maximum values.

1 For the Less Optimistic Scenario, the 50th percentile was selected. Because of
evidence that subsidence rates may be slowing, the midnge of plausible rates was
deemed appropride to represent a less optimistic scenario.

2023 COASTAL MASTER PLAN. Determining Subsidence Rates for Use in
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2.2 SUBSIDENCE IN THE 20 17 COASTAL MASTER PL AN

In preparation for the 2017 Coastal Master Plan, CPRA identified and reviewed technical literature
developed since the expert panel was convened in 201This review \as conductedto determine
whether improvements could be made to the accuracy and spatial precisiohthe subsidence values
used formaster plananalysisby incorporating new data (Reed & Yuill, 2017\ewly availabletide
gauge data and CORS informationas considered. Additionally, new methods of determining
subsidence ratein other studies that considered the future of the coastal landscapeere reviewed
However, as there were still no definitive studies on subsidence or available data to provide toae
predictions of future rates, it was concluded that the 2017 Coastal Master Plan should use the same
plausible range of subsidence rates by sutegion as used in the 2012 Coastal Master Plampplied

as follows:

1 For theLow and MediumScenarics, the 20th percentile \alue of the range was
selected. This is the same as for the Moderate Scenario from the 2012 Coastal
Master Plan.

9 For theHighScenario, the 50th percentile was selectedlhis is the same as for the
Less Optimistic Scenario from the 2012 Coastal Master Plan.
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3.0 NEW INFORMATION ON
SUBSIDENCE RATES SIN CE THE
2017 COASTAL MASTER PLAN

During development of the 2017 Coastal Master Plan, an analysis was conducted to characterizéhbo

ICM parametric uncertainty and ICM sensitivity to seleetternal drivers such as rates of subsidence

and eustatic sea level rise (Meselhe et al., 2013). This analysis identified that the sensitivity of ICM

land areaoutputs to subsidence rates wa®f the same magnitude (or greater) than the uncertainties

in |l and area associated with model ©6error6, as def i ni
validation process. Given the importance of subsidence rates in determining land loss in the ICM, a

reassessment of available studies and data sources was conducted to determine whether predictions

of subsidence rates for coastal Louisiana could be refined for the 2023 Coastal Master Plan.

Since decisions on subsidence rates were made for the 2017 CoakMaster Plan, there has been
renewed attention to large deltas and coastal populations that are increagiy vulnerable to relative
sealevel rise. A number of recent studies directly reladléo measuring subsidence irother coastal
areas were reviewedor any insights relevant to the masteplan. Several studies examine subsidence
in areas with large populations (e.g., Kulp & Strauss, 2019; Syvitski et al., 2009; Takagi et al., 2016).
Some studies have focused specifically orsémating subsidence ratesusing different techniques
(e.g., Bekaert et al., 208 in SacramenteSan Joaquin deltaCA; Grall et al., 2018 in the Ganges
BrahmaputraMeghnadelta; Qu et al., 2019 in HoustonMinderhoud et al., 2018, in the MekondRiver
delta). Networks of monitoring &tions have also been developed in other areas (e.g., Al Mukaimi et
al., 2018 notes that the HarrisGalveston Subsidence District established an &ode network of GPS
land deformation monitoring sites).

A number of recent subsidence studies provide rataeasurements for specific areas in Louisiana
using different technigques and averaging of various time periodeable2 summarizes information on
subsidence rates fromthese studies; many include more geographically specific information than is
provided below.
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Table 2. Summary of information on subsidence rates from recent studies of
coastal Louisiana.

TECHNIQUE/ TIME GEOGRAPHIC
PAPER APPROACH PERIOD AREA RATES
Frederick et | CHRONOSTRATIGRAF LATE NEOGENE COASTAL ~0.15 8 0.35 MM/YR
al. (2019) USING AND LOUISIANA AND
BIOSTRATOGRAPHIC  QUATERNARY | SHELF
DATA IS USED TO
DETECT DEEPEATED
SUBSIDENCE RATES
Jones etal. |INTERFEROMETRIC |BETWEEN 16 |LOCAL AREAS | MICHOUD 180
(2016) SYNTHETIC APERTUR JUNE 2009 AND | WITHIN NEW MM/YR
RADAR (INSAR) 2 JULY 2012 | ORLEANS AND | U. 9'HWARD/BAYOU
RIVER PARISHES BIENVENUB 10-20
MM/YR
EASTERN METAIRIE
5-15 MM/YR
Yeager et FAULT OFFSETS USIN 1300 YEARS | LOWER PEARL | A) 1.2MM/YR
al. (2012) CHFONOSTRATIGRAP| BEFORE RIVER VALLEY | B) 0.2 MM/YR
PRESENT (BP)
3700 YEARS BP
Shen et al. FAULT OFFSETS USIN LATE HOLOCEN TEPETATGBATON | 0.22 + 0.12 MM/YR
(2017) CHRONOSTRATIGRAF LAST GLACIAL | ROUGE FAULT | 0.03 + 0.05 MM/YR
LAST ZONE 0.07 + 0.05 MM/YR
INTERGLACIAL
Jafarietal. | MODELING OF 50 YEARS CAMINADA 50 CM OVER 50
(2018)* CONSOLIDATION HEADLAND YEARS
ASSOCIATED WITH
PROJECT
IMPLEMENTATION
Jafari etal. |HIGH ACCURACY UNDEFINED | CAMINADA 3.38 8 9.27 MM/YR
(2019)* ELEVATION HEADLAND
MEASUREMENTS OF
THE AREAL
SUBSIDENCE
BENCHMARK
Karegar et CORS 4-18 YEARS BP | LOUISIANA VARIABLE SPATIALL
al. (2015) 3 UP TO 6.5 MM/YR
Jankowski CRMS RSEWMH 2006 THROUGH | COASTAL VARIABLE SPATIALL
et al. DERIVED 2015 LOUISIANA 3 MEDIAN RATES OFf
(2017) CALCULATIONS OF ~6 MM/YR

SHALLOW SUBSIDENC
RATES
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TECHNIQUE/ TIME GEOGRAPHIC

PAPER APPROACH PERIOD AREA RATES
Byrnes et RESURVEY OF CORS | 2003-2019, BARATARIA BASIN 0.7-7.1 MM/YR
al. (2019) A | AND SECONDARY | VARIES BY

BENCHMARKS BENCHMARK
Byrnes et DIFFERENTIAL FEBRUARY CAMINADA 9.35 MM/YR
al. (2015)* SEDIMENT 2013- APRIL HEADLAND

CONSOLIDATION 2014 (410

ASSOCIATED WITH | DAYS)

PROJECT

IMPLEMENTATION

*PAPER USES DATA QE®ICTED FOR THE PROJEDESCRIBED IN CAMNDAMOREAU SUBSIDENCE
STUDWHASE 13 & PHASE RREPORTS PREPARED RTHRA BY GAHAGAN ABRYANT ASSOCIATES,
INC.

APAPER USES DATA FRANALYSIS UNDERTAKERR CPRA BY APPLIEDASTAL RESEARCHDAN
ENGINEERINGACREDN BARATARIA BASRELATED STUDIES OREBTON SOUND BASINCRE, 2019)
AND TERREBONNE BASMPROGRESS] FOLLOWE SAME METHODROGY.

For the 2023 Coastal Master Plan approach to determining subsidence rates for use in predictive
modeling, studies that compile data fromacross the coastrepresentingdifferent processesand use it
to quantify ratesand use averagel rates across vaiable time periodsare of particular interest One
such study,Jankowski et al. (2017) uses RSETMH data from the CRMS network, with limited CORS
benchmark data, to estimateSSrates across coastal Louisiana wetlands and note complex patterns
of both SS ad apparently, in some instances, net surface elevation increase. Median rat#sSSfrom
that study are 6.0 mm/yr for the Mississippi Delta and 5.8 mm/yr for the Chenier Plain.

CPRA previously compiled elevation tinseries data for GPS benchmarks withithe Barataria Basin
(Byrnes et al., 2019) and theBreton and eastern PontchartraiBasins (ACRE, @19). The Barataria
Basinanalysisincludes five CORS primary benchmarks, and 1@PRA/National Geodetic SurveNGS)
secondary benchmarkswhile the Breton ad Pontchartrain Basin analysis includes 11 CPRA/NGS
secondary benchmarksHistorical raw GPS dataset§.e., Receiver Independent Exchange Format
files) for the secondary benchmarks betwee®003 and 2019 were processed, andihear regression
was used to alculate subsidence rates (elevation change with time) associated with elevation
measurements for the survey lod#ons in the basins. The geodetic measurements in Barataria, Breton
and eastern Pontchartrain basins documented subsidence rates ranging from70to 7.1 mm/yr
(Byrnes et al., 2019; ACRE, 2019). This type of analysi€igrentlybeing repeated for coastal basia
to the west.

There is ongoing discussion (Cahoon et al., 2020) of what the subsidence rates measured using the
RSET™H method and benbmark resurvey data represent in terms of substrate process contributions
to subsidence. Byrnes et al. (2019) propose that unless rods are sleeved itilreasonable to assume
that they are not impacted by subsidence in the surrounding substraiee., they are subject to down
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drag). Thus Byrnes et al. (2019) assume that the subsidence they calculate based on the resurvey of
un-sleeved benchmarksepresents TS However, there have been no direct estimates of such down
drag on RSET rods in Louisiana. Swalesal. (2016) used standard geotechnical engineering

methods to estimate the bearing capacity (i.e., skin friction resistance) of an RSET benchmark in the
Firth of Thames sedimentary basjmelative to the force exerted by the benchmark masand the
potential point settlement. The potential settlement of the RSET benchmarks in the substrate was
estimated as ~2.6 x10° m (~0.03 mm) from the general sediment properties (assuming stiff clay) and
the benchmark properties.

Further research is needed to improvanderstanding of the processes that each technique measisge
including geotechnical measurements of potential down drag using information on Louisiana
substrates. However, th benchmark resurvey and RSEVIH data sets currently provide the best
opportunityto capture deep and shallow contributes tsubsidencecoastwideand to characterize TS
based on data colleted using consistent methodologies
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4.0 SUBSIDENCE APPROACH FOR
THE 2023 COASTAL MAS TER PLAN

4.1 APPROACH

Building on reported measurements of subsidence from several recently available studies (see
Section 3.0), subsidence can balivided into two separate ates that can be treated additively in
master plan modeling Figure4):

9 DS rates based on data from 85 year GPS records and repeated geodetic surveys
of deepseated monuments (CORS and secondary benchmarks) across coastal
Louisiana, and

9 SSrates based on available 10year RSEIMH measurements at CRMS and other
sites, characterizing shallow processes in wetland settings

These two rates are used collectively to characterize spatial variation in subsidence reflecting the
entire sediment column. By using both data setshé master plan analysis can incorporate the effects
of a broad array of subsidence processesifure 1, Table1), and how they impact the performance of
different restoration and protection projects considered for the master plan. The rates from these data
sources can be compared to rates from other methodologies in the same geograpdiea to

determine confidence in the component rates, for example from studies listedTiable2 and others
previously summaried (e.g., by Yuill et al., 2009Reed & Yil, 2017).

A composite map of TS, developed by combining separate maps of DS and SS created using available
data, provides greater spatial variation insubsidence rates across the coaghan the subregion

approach used in previous master pland.he assumptions used in developing these maps and the
limitations of the maps are discussed below.
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—” Tes Rod

GPS surface-elevation
station table (RSET)

Figure 4. Representation of measurements used to develop subsidence rates for

the 2023 Coastal Master Plan. Note that objects  and distances in the figure are
not to scale. Figure modified from Cahoon et al., 2006 and Jankowski et al.,

2017.

4.2 ASSUMPTIONS AND LIMI TATIONS

The approach to developing & Smap as an additive map of DS and SB subject to a number of
assumptions. Assumfpions associated with specific aspects of the data used f@Sand SS
respectively are described in sections below. It is also important to note tisitice surficial processes
of organicmatter accumulationand mineralsediment depositionare accounted forseparately in the
ICM (White et al., 2017)they are notincludedin the subsidence estimates developed to suppothe
2023 Coastal Master Plan.

One of the assumptions underlying the approadh consideration oftemporal variations. The data
from benchmalk resurveys or CORS stations only track change over periods-465/ears due to the
duration of available records. RSEWIH records are also only available since 2006. Thus, the
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assumption is made that these relatively shoterm measurements appropriatelyepresent processes
that occur overmulti-decadaltime scales and adequately represent subsidence conditions for the
entirety of the 50year master plan analysis period. Further, linear regressions (see details belave)
used to develop subsidence rate #timates for both data sets Because of the multiple contributing
processes to both deep and shallow subsidence, there is the potential for Alarear effects in one or
more contributions. Data sets were considered too short to provide meaningful testsof-linearity in
the data. Studies with data covering much longer periods (Frederick et al., 20i8ve interpreted
periodic movements of faults over time but thisvould require very detailed spatial resolutiomo
identify locations and additional assumpbns about the temporal frequency of faulting to include in a
50-year analysis

Mapping of subsidence surfaces based on point data also requires spatial interpolatmnspatial
aggregationinto regions or polygonsAs described below, differengpatial assignmenttechniques
were used for deep and shallow subsidence. This is based on the assumption that DS is driven by
processes controlled byarger scale geologicdcies distributionand underlying structures, thus rapid
transitions in rates over small diances are not the norm (see Section 5 for exceptions).

In contrast, while potential contributing processes for SS have been documented in different studies
(see Section 6), how thee processesvary spatially based on their relative contributions is notalv
understood. Complex patterns of variation in SS rates among CRMS sites have been documented
(Jankowski et al., 2017) and may be in response to local variations in substrate dynamics, e.g.,
excessive drainage, or variations in organic matter contributi® by plant species and thusgonsistent
patterns are not necessarily expected.

Ideally, the derivation of SS and DSates based on monuments distributed across the coast would use
the same monuments for both sets of measurements. However, while some loé secondary
benchmarks are located in the vicinity of CRMS sites, the benchmarks are not the actual RSET rods.
Approaches have been developed to utilize RSET rods for geodetic survey and connection to the
National Spatial Reference System (Geoghegan et, &009), but thus far this has not been widely
applied in Louisiana. Thus, the benchmark surveys used to derive DS measurement and the RSET
MHs used for the SS measurements may either not encompass the entire subsurface profile, or may
both consider partof the same profile é.g., if the RSET penetrated deeper than the benchmark
monument or vice versi Foundation data for the benchmarks and the RSET rods were used to
assess the relative importance of this aspect of the additive assumption.

Twonatural neighbor interpolaéd surfaces were developed for the foundation depths foboth the DS
and SSdata sets. The DS foundation depth surface was subtracted from the SS foundation depth
surface, allowing them to be compared while accounting for thedl of spatial continuity and the
differences in the number of sites. The difference between these two surfac&sgure5) represents
the estimated degree of vertical ovdap or separation of the monuments. The resulting difference
map shows that for most of the western part of the coast, foundation depths for benchmarks are

2023 COASTAL MASTER PLAN. Determining Subsidence Rates for Use in
Predictive Modeling 24



deeper than for RSET rods (negative values Figure5). This means that subsidence occurring over
part of the substrate (over 3n in some areas) is not considered by the analysis presented here. In
contrast, in the southeastern part of the coast RSE®ds may be anbored more than 10 mdeeper
than the benchmark foundations. This leads to a potentiatiscountingof the component
contributions of processes occurring within the overlapping seati of the sediment column that wuld
artificially increase the rate of subslencelocally. The consequences of these differences will be
discussed in relation to theT Srates in Section 7.0 of this report.

DS + SS Potential Overlap (m)

[ -51-25
[ ]-24-0
[ Jo1-25
[ J26-5
[ ]51-75
[ J76-10

1:‘ 10.1-12.5 0 25 50 10](\),1"% x
[ 126-15

Figure 5. Potential overlap of DS and SS in meters developed through surface
differencing. Differences in the foundation depth of CRMS s ite RSET rods and
CORS sites or secondary benchmarks are shown. Negative values (greens)
indicate a gap between the two foundation depths , which could produce an
underestimate in calculated TS. Positive values ( purples) indicate that there is
overlap of the two foundation depths, which could produce an overestimate in
calculated TS.
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5.0 DEVELOPMENT OF ADEEP
SUBSIDENCE MAP FOR C OASTAL
LOUISIANA

5.1 DEEP SUBSIDENCE DATA

As described in Appendix A, Table Adrimary CORSénchmarks and secondary CPRNGSGPS
benchmarks are permanent fixtures. Bth benchmark typesare anchored at depth and
measurements are made with respect to a known vertical datum. Repeating GPS measurements of
the vertical location of a benchmark over tig can provide timeseries data of vertical motion. While
both measurement techniques provide point measurement of subsidence at a fixed location, CORS
networks provide continuous records of the thredimensional GPS position of a given benchmark
(Karegar @ al., 2016). In contrast, acquisition of data from secondary benchmarks requires re
surveying of the site and the resulting timeeries represents the change in vertical location with
respect to a known vertical datum over time. Fundamentally, howevere two methods have key
similarities that allow the subsidence rates measurelly eachto be considered comparable.

With both methods, the measurements of vertical motion obtained encompass a number of processes
that, in general, act on long (centennial tmillennial) time scales fFigure2). Additiondly, the
assumption is made in this approachhat these methods record movement from the base of the
benchmark anchor and lelow as that is the fixed vertical reference point for the si{see discussion
above) This motion is attributable, in part, to deepeated tectonic processes such as fault slip in
active fault zones and motion related to salt intrusio(Keogh & Térnqvist2019). Additionally, these
DS rates include the deep component of Holocene compaction (where benchmarks are anchored in
Holocene sediments), sediment loading resulting from delta building processes, and the resultant
downward flexure of the underlying lithosphie (Blum et al., 2008).The process ofGIA also

contributes to the DS rate (Gonzalez & T6rngti2006; Sella et al., 2007).Fluid withdrawal from deep
substrates, such as that associated with oil and gas production, may also locally contrébtd DS
(Morton & Bernier, 2010).

The approach described in this repontelies on data available as a result of several new studies
(Karegar et al., 2016; ACRE, 2019; Byrnes et al., 2019 hile these studies cover eastern basins,
they have not yet been extended to thevest. For parts of coastal Louisiandacking data from these
studies, vertical displacement measurements we supplementedthrough additional analysis by the
CPRA team using a similar methodology.
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5.2 DETERMINING DEEP SUB SIDENCE RATES

For the 2023 CoastalMaster Plan subsidence approach, DS mapping incorporates geddeturvey
data from across coastal Louisiana. This dat&\ppendix B,Table B1) represents both a
comprehensive reanalysis of CORS and secondargiichmark data from BaratariaPontchartrain,

and Breton Soundbasins (ACRE, 2019Byrnes et al., 2019) as well as a supplementary analysis of
CORS and secondary benchmarks for basins west of BarataRa(ire6). Estimated values of 0.5
mm/yr were used for the North Shore of Lake Pontchartrain in areas where no benchmark dataev
available. Selection of primary and secondary benchmarks for the supplementary analyses (Table B1)
was based on availability of suitabléata and coastwide spatial distribution of the selected
benchmarks. Benchmarkswithin the model domainwere omitted if they had less than 1 cm of vertical
change during the period of observation (following the method of Byrnes et al., 2019), as elevation
measurements were made to an accuracy of less thancin.

For benchmarks in Barataria, Pontchartrain, anBreton Sound lasins, DS rates were taken directly
from ACRE (2019) and Byrnes et al. (2019). To characterize subsidence outshkse basins

estimates of DS were derived from 84 year long records at 3 primary and 14 secalary

benchmarks \ertical displacement from the initial benchmark survey and the most recent survey data
availablewere calculated to provide DS estimates for the remaining parts of the coadglost
observations in the western basins consisted of only two observation points per station and could not
be statistically analyzed to determine the fit of the rate to the data
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Figure 6. Coastwide deep subsidence point data, including the source for
benchmark analysis.
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Within Barataria tasin, DSrates ranged from2 to 7.1 mm/yr and in Breton and eastern Pontchartrain
basins ratesranged from 2.1 t05.9 mm/yr Appendix B,TableB1; Figure6). To characterize

subsidence outside of the area considered by ACRE (2019) and Byrnes et al. (2019), estimates of DS
were derived from 514 year long records at 3 primary and 14 secondary benchmarks by calculating
the difference from initial and most receny reported vertical displacement rates. Previous research
suggests subsidence in the Chenier Plain is primarily a functioh@IA rather than sediment loading

(Yu et al., 2012; Blum et al., 2008). Wolstencroft et al., (2014) characterizes Glérived subsidence
rates, measured at roughly ~1 mm/yr, as the lower bound of total Chenier Plain subsidence. The
supplementary benchmarkanalysis included here confirm these rates, ranging from 0.1 near the
Sabine River to 1.7 mm/yr south of White Laké\ppendix B,Table B1;Figure6).

The North Shore bLake Pontchartrain was not formed by the same deltaic processes as the
Mississippi River Delta plain to the south and hasralativelythin Holocene sediment package (Kulp

et al., 2002). The 2010 subsidenceexpertpanel estimated a subsidence rate of @m/yr for that

area, which was applied for the 2012 and 2017 Coastal Master Plans. Only one secondary benchmark
with appropriate survey data was available west of Lake Maurepas. It had a subsidence rate of 0.4
mm/yr (Appendix B,Table B1;Figure6). While DS is considered minimal on the North Shore, observed
vertical displacement attributed to fault activithas been observed in some locations (Yeager et,al.
2012; Shenet al., 2017; Table2) and therefore should not be entirely omitted. Subsidence rates of

0.5 mm/yr are assumed to characterize this portion of the coast.

5.3 SPATIAL APPLI CATION OF DEEP SUBSI DENCE

There are a number of methods available to interpolate pdidata to create a contiuous surface of

DS rates for the 2023 Coastal Master Plan. Selection of an interpolation method is based upon the
characteristics of the underlyig data and an understanding of inherent spatial relationships between
data points. In the Mississippi Riverelta plain there is substantial variation in the thickness of
Holocene deposits and time since deposition, with thicker sediment packages and yoemdeposits
contributing to higher rates of DST@rnqvist et al., 2008) The depth of the Pleistocene surface (and
therefore thickness of Holocene sediment p&age) in the Mississippi River deltalpin generally
increases toward the Gulf of Mexico and vas laterally, especially in relation to the underlying incised
alluvial valley (Kulp et al., 2002).

Given these interacting patterns and the complexity of the contributing processes, a map of DS in
coastal Louisianawas developedusing natural neighbor iterpolation (Figure7). The map creates a
continuous surfaceof DS rates across coastal Louisiana based on data availability, as opposed to
dividing the coast into sukregions with distinct subsidence rate ranges (as for the 2012 and 2017
CoastalMaster Plans). The natural neighbor method was selected to interpolate point data because it
is a distanceweighted interpolation method: the closer an input point is to the lation of an output

cell, the greater influence the input point has on determining the output cell value (Childs, 2004). This
approach assumes that DS is a function of regional variations in underlying geology, thus subsidence
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rates in closer proximity wilbe similar as a result ofcommongeologic processes, whereasates may

be more variablewhere points are more widely spaced. This assumption diminishes the potential role
of features such as paleochannels on local variations in subsidence. More detailgzhal data would
be needed to include such effects.

Figure7 shows the resulting interpolatedSsurface. The Chenier Plairatgely shows DS rates up to

1.5 mm/yr. DSrates of less than 3mm/yr are also found on the North Shore of Lake Pontchartrain

and areas east of New Orleans. Along the coast, rates of €%nm/yr are shown in the Teche

Vermilon area. For the Mississippi River deltadin rates range from dmm/yr to ~17 mm/yr. The

highest DS ratesn coastal Louisianaoccur in the lower basins, with rates up to 12 mm/yr throughout
lower Terrebonne Basin, up to 7.5 mm/yr in lower Barataria Basin and outer Breton Sound Basin, and
up t o 17 mm/ yootDelta Additoral irBarnmatibd regarding the undrlying DS data can

be found in Appendix BTable B1.

Figure 7. Deep subsidence map of coastal Louisiana. Interpolated surface using
the natural neighbor method from point data (see Figure 6).
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